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SUMIARY

Engine test results are presented for simulated alti-
tude conditions. A displacer-piston combustion chamber on
a 6~ by 7-inch single-cylinder compression-ignition engine
operating at 2,000 r.mn.m. was used. Inlet-air tempera-’
tures equivalent to standard sltitudes up to 14,000 feet
were obtained by using solid €0,, Prestone solution, and
kerosene in an air—-cooling and dehumidifying apparatus,
The inlet air was throttled and the exhaust surge tank
evacuated to glve pressures corresponding to the standard
altitudes. The inleft-air temperature, inlet-air pressure,
and inlet and exhaust pressures were also varled over a
wide range and over a range of fuel gquantities from narﬁ
load to maximum loadgd.

Comparison between maximum performance #£f altitude of
the unsupercharged compression-ignition engins and a car-
buretor engine showed that the compression-ignition enrgine
compared favorably with the carburetor engine.

Analysisg of the results for which the inlet—alr tem-
verature, inlet-air pressure, and inlet and exhaust pres-
sures were varled indicates that engine performance cannot
be reliably corrected on either the basis of inlet-air
density or welght of air charge. Engine power increases
with inlet-alr npressure and decreases with inlet-air tem-=’
perature~ very nearly as straight-line relations over a
wide ronge of air-fuel ratios. Correcition factors are anc—~
cordingly suggested,

INTRODUCTION
The effect of altitude on the pmerformance of carbu-

retor engines has been thoroughly investigated, dbut very
little octunl experimenting has bcen done in this country
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to dotormine the effect of ~ltitude on the performance of
a comprossion-ignition englne. The purpose of this report
ig to nrosent the results of tests that were mede during
the lntter part of 1936 at the Langley Field laboratorios
of the N.A,C.A, Tosts wore mande on r compression-ignition
ongine for simulated altitudc conditions and various com-—~
binationg of inlet-air tempernture and pressurc and cx—
haust baclk nressure. -

In order to make the most accurate altitude tests of
any tyve of engine, an altitude chamber similar to the
one at the National Bureau of Standards (reference 1) 1is
degirable; however, if such equipment is lacking, relliable
regults can be obtained by the methods described in the
present vaver. The general test procedure used in this
investigation may be c¢called an "approximate' method. Re-
sults obtained by this apvroximate method have been di-
rectly commared with results obtalned by the National 3u-
reau of Standards in an altitude chamber (reference 2);
the. discrepancy between the data obtained by the two meth-
ods is so small gs to be within the limits of experimental
accuracys. The approximate method of naling altitude tests
has been used for some time by the alr services for test-
ing carburetor engines.

All changes in altitude ars, fundamentally, changes
in air density as a result of changes in the temperature
and pressure. These factors are presgent regardless of
suporciarging and have n pronounced effecct on engine per-
formances . "The gcopoe of these tests was accordingly broad—
encd to includo the effect of a Wide rango of tcmporatures
and pressurcs of the inlet air.

APPARATUS AND TESTS

Test Engine

The development.of the displacer-piston combdbustion
chamber and fuel-spray arrangement used in these tests
(see fig. 1) has been completely described in references
3 and 4, The more important varts of the test unit and
some test conditions were as follows:

.!
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Zngine ¢ « v . ¢ 4 e 4 . s

Engine speed . . . . . .
Comnression ratio . . .

Yalve timing . . . . . .

Fuel « ¢« o« & « . . e s 4 e

Fuel~injection pumn . . .

Fuel~injection valve . . .

Power measurement and
~bsorption . . .. L L .

BloweTrs « « o« o o « » o

Operating temperatures .

Air- and fuel-consumption
measurements . . . . .

Maximum—~cylinder—-prossure
indicator « + « « « 4+ .

Technical Note No.

619 3 o

Single-cylinder 4—~gtroke cy-
cle, 5~inch bore by 7-inch
stroke (137.5 cu,in. disg-~
vlacement).

2,000 r.p.m, : -
14:.5' B - -.__T R
Inlet opens 27° B.T.C.

Exhaust opens 66° B.B.C.

Inlet closes 28° 4.3.0.

Exhaust closes 417 A.T.C.

Auto Diesel fuel; o.gz spe-
cific grevity at 60 F.; 42

sec. Saybolt Universal vis—

cosity at 100Q° F.; 62 cetane

nunber, :
N.A.C.A.-cam~operated, con- . ;

stant-stroke type. -
N.A.C.A. automatic, spring- .

loaded to 3,500 1b. per

sq. in. opening pressure
(injection period 25 crank
degrees at 3.E6 X 1074 1b.
per cycle).

Electric dynamometer unit.

Inlet: 4-inch Roots typve,
geparately driven,

Exhaust: 8-~inch Roots tyve,
separately driven.

Wnter (out) 170° #,
Iubricating oil (out) 175° F.

_Syﬁchfonized electrically op-

erated stop watches and rev- )
olution counters. - -

Trnpped-pressﬁ}e type.
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Air-Conditioning Equipment

A photograph of the equipment assembled to simulate
altitude conditions is reproduced as figure 2 and a dia-
grammaplc representation of the apparatus is presented in
flgures & and 4. In - -figure 3 by an adjustment of the gate
valve D in the air line to the inlet surge tank L any
reduction in inlet pressure could te maintained at the en-
gine inlet, the pressure being indicated by a mercury ma-
nometer ® connected at a point about 18 inches from the
intake:vort. The Roots blower H . connected to the ex-
haugt tank I was used to evacuate the tank to the pres—
sure corresponding to the altitude that was being simulated.

The chlef difficulty in altitude tests is, of course,
the problem of reproducing the corresponding air tempera-—
ture. For these tests the alr-cooling apparatus shown in
figure 4 was designed -and constructed. Because of the
necessity of taking care of the moisture as it was con-
densed out of the air, the cooling of the air was dlvided
into two stages. In the first -stage a 50-50 solution of
Prestone and water was used as tho coolant, Prestons being
selected because it i1s hysgroscopic and can be used to ab-
sorb water condensed from the cooled air. The 50-gellon
tank of the coolant was directly charged with 40-pound
cakes of solld CO; until the temperature was reduced to

approximately —-20° F. The rate of charging wae controlled
to hold this temperature during the overation of the sys-—

teme In the second stage, kerosene wns used as the cool-

ant because the temperature could be lowered without o de-
cided increase in visgcosity. As before, 40-pound cakes

of solid 00, were placed into the 50-gallon tank of kor-
oseno and the temperature was maintained between -35° and

=) F. o . ’

Inlet air for the engine was brought into the first-
stage cooler for dehumidifying and cooling. This cooler
consisted of a radiator having 60.9 square feet of cooling
area yith 27.7 square inches of area for the air flow.

" The rate of flow for the engine-operating speed of 2,000
Tepells was avproximately 70 cubic feet per minute at sea-
level pressure. Circulation of the cold Prestone-water
solution through the tubes of the radiator cooled the
first—-stage cooler. A secondary de~icing circulatlon was
naintained to spray the outside of the tubes with the same
solution. This de-icing spray was necessary to prevent
the radiator from becoming clogged with ice, The air and
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de~icing spray at a temperature of about -5° F. passg&d to
the show box where the entrained solutionm, which had taken
up the noisture from the nir, was settled out. In the
second stage the cold dry air went to two kerosene caolers
of the some capacity as the Prestone cooler, nrrangﬂd in
parnllel, where it was further cooled to -30 F.

Although the temperature of the zir leaving the sec-
ond—stoge coolers could be kept at -30° ®,, the loweat air
tempernture at the engine was -3° F. owing to the abgoTp~""
tion of heat from the room., This rise in temperature ob~
tained dospite 2 inches of hair-felt lagging on the piping
and surgze tank. Conmputationg indicated that little bene-
fit would be gaincd.by addlitionel lagging. With a redue~
tion in irlet pressure and the consequent reducftion in rate
of flow, the lowest alr temperature that could be held was
8° F, which, in a standard atmosphere, corrasponds to an
altitude of 14,300 fset (reference 5). R —

The equipment just described was used to make engine
tests at simulated altitudes from sea level to 14,000 fect
and runsg for which the inlet-agir temperature, inlet alr 7
pressurs, znd sxhaust back'pressure were controlled as §in-
gle variables. XElectric air heaters were used to obtain
inlet—~air temperatures from roon temverature to 256 F,

RESULTS AND DISCUSSION -

Engine Performance at Altitude

Unsupercharged.~ Plgure 5 shows the variation of indi-
cated and brake engine performance for the obtainable
range of standard altitudes from sea level to 14,000 feet.
The naximun cylinder pressures decreassd with increasing
altitude, the values shown being optimum to give naximun
nean effective pressure at each altituds. Any further in-~
crease in injection advance angle at any altitude would
have increased the naxinunr cylinder pressure with no fur-
ther gain in engine performance. It is noteworthy that
the fanily of curves of nean effective pressure conveTrge
to a single curve below 1.5 X 10~* pounds of fuel per &¥y-
cle. Figure 5 also shows that, at any altitude, nmaxiuun
power is obtainable with but little increacge in fuel c6O-
sunption over that at sea level. -
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The decrease in naxinum sea-level power with alti-
tude for the single-cylinder test engine is shown in fig-
ure 6 compared with that of a l2-~cylinder. unsupercharged
carburctor engine. The cardburetor=engine data are given
on a brako-horsepower basis and are representative of the
best carburetor-engline porfornance obtnined under standard
altitude conditions (referonce 6). Both brake and indi-
cated single-cylinder performnances are shown because thae
sen—level mechanical efficiency was only 76 percent, where-
as that of the carburetor engine was 88 percent. A nulti-~
cylinder coupression-lgnition engine would have a suffi-
ciently high nechanical efficiency (reference 7) to give a
percentage change in power with altitude equal ta or bet-
ter than that of the carburetor engine.

Previous reports of the altitude performance of air-.
craft compression-ignition engines have indicated thap
this type of engine loses power much less rapidly with in-
creasing altitude than does the carburetor engine. It is
possible .that this conclugion may have been drawn because
the engines wereé oOperated with excess alr at sea level so
as to glve a clear exhaust; whereas with increasing alti-
tude the alr-fuel ratio was decreased toward maximum pover
(fig. 5) at the expense of a smoky exhaust. .Comparison
under these conditiong is unfair to the carburetor engine.
The results of figure 6 show that, for the same inlet-alr
conditions, the performances of the two types of engines
are avproximately the same. - )

When the altitude verformances of the two types of
engine are compared, however, consideration must be given
the fact that the compresgssion-ignition sngine can induct
its alr at the low ftemperatures existing at altitude and
thereby obtain a maxinum welght of air charge.

For the-simulated altitude testd of figure 5 there
was no sign of misfiring at the 14,000-foot altitude con-
ditions bdut, with the continued decrease in compression
temperature and préssure, a critical altitude might be
reached where compression ignition would cease. Then heat
would have to be added, or the inlet-alr pressure boosted,
so that maore heat - although not a higher temperature -
would be available to cause ignition. If-dgnition con-
tinues and the compression-ignition brake curve of figure
6 1s extended, zero brake mean effective pressure is 1indi-
cated at about 34,000 feet for the unsupercharged engine.
For o nulticylinder engine with its greater mechanical ef-
ficiency the maximum altitude of operation would be corre-
spondingly higher.
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There remains the question of whether the tempera-
ture at the end of compression is sufficiently high at
34,000 fest to cause ignition. In order to answer thig
question, the temperature at the end of compression for a
series of inlet~air temperatures from 2509 F, to 09 F.
was calculated from the compression pressursd and weight of
alr charge and the results plotted as a curve of final
temperature against inlet-air temperature. The curve was
then extrapolated back to the minimum temperature of the
troposphere, ~67° F,, and the temperature at the end of
conpression obtained fronm the curve. This tempersaturs,’
980° F., was considered gsufficiently high to insurse
against failure of ignition owing to low inlet~alr tem-
perature, Therefore, the prediction made from the exten-
sion of the altitude curve shown in figure 6 seems reason—
able, i.e., that operation of the engine could be obtained
up to an altitude of 24,000 feet. It seens that the inlet
air would have to be heated but little, if any, to insure
ignition even at the lowest atmospheric temperatures.

In Hey 1934 a Bristol ‘Phoenix compression-—-ignition
engine was flown to 27 ;450 feet where the atnospheric alir
temperature was —40° F. (reference 8). This engine had a
compression ratio of 14,0 and was supercharged %o 7,000
feet. No failure of combustion was indicated at the maxi~
mum altitude attained. - '

A summary of the effects of altitude temperature and
pressure on friction and charging characteristics of an
unboosted engine is shown in figure 7. The decreasing
weight of air charge causes the motoring compression pres-
sure to decrease and likewise causcs the friction mean ef-
fective pressure to decrecase. The mechanical efficiency
also decrcascs because the brake moan effective pressure
decroasecs much faster than the friction mean effective
pressure. The low compression pressure of 230 pounds per
square inch at 14,000 feet rosgsultod in an increase in ig-
nition lag from 11° to 21°, the rates of pressurs Tise
became oxtremely high, and enginc operation bocamc réugh.

Sunercharg__ In the casgse of a suuercharged conm-—
pression~ignition engine, full blower prossturc can bo ufed
at sea lovel and for any length of time as the engine has
no limitation imposed by detonation or prcignition char-
actoeristics of the fucel. Figurc 8 ghecws the effect of
boosting with sea-level exhaust conditIons and with con-
stant inlet—air tomperatures of 87° F. "Power incroases
quite stoadily with boost prossurcs but, for the pressurs-—
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rise type of combustion upon which this cngine operates,
it 1s nocessary to increase the maximum cylinder pressure
in order %o obtain the maximum increase in power fraom the
higher boost pressure. ZEngino operation is very smooth
under boosted conditiouns dbut the power is not quite maxi-
mum as the maximum cylinder pressure is limited to 1,100
pounds per square inch at 20 inches boost. The fuel con-
sumption decreases at practically all fuel quantities wilth
incroase of boost pressure. The results of this test and
of the following tests of the effects of boosting are not
corrected to a multicylindsr basis nor for power to drive
the supercharger, factors that would tend to cancel each
other. The power and fuel consumption as discussed and as
shown on the curves are, therefore, on a gross basis.

.Results for a similar range of boost presgures werée
also obtained for a series of exhaust back pressures equiv-
alent to a2ltitudes up to 19,000 feet. The boosted tests
at the altitude exhaust pressures had tho same gensral
characteristics as shown in figure 8, except that each de-
crease in exhaust back pressurse caused an increase_in mean
effective pressure and a decrease in fuel consumntion.

Further boosted-altitude data for moxi mum power are
shown in figure 9, for which the boosted brake mean ef-
fective pressure is corrected to show the value for in-
ductlon air at the gtandard altitude temperature, as will
be discussed later. The unboosted braks mean effective
bressure decreasesg rapidly; vhereas, by boosting to con-
stant manifold pressures and cooling the inlet air to
standard altitude temperature, the gross brake mean ef-
fective pressure will increase with altitude. The in-
croases in the brake mean effoctive pressure result from
diminishing exhaust back pressure and, to a greater ox-
tent, from the low air temperatures of—the particular al-
titude. The results at 35 and 45 inches of Hg manifold
Pressure are for limiting conditiong of alr temperature
as cooling to the altitude temperature could never be en-
tirely achieved. Furthermore, the boost pregsure of 45
inches of Hg is extremely high, approxinately 31 inches
of Hg above the altitude pressure.at 19,000 feot, so that
the cost of. obtaining the boost pressure would be largee.
The gross brake mean effective pressure of about 225
pounds per square inch, howevar, is obtainable at a 19,000~
foot altitude at a maximum cylinder pressure of about 1 4 100
pounds per square inch. At 35 inches of Hg absolute pres~
sure and at an pltitude of 19,000 feet, the torque required
to operate a blower, if an over—all adiabatic efficiency of
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70 percent is assumod, would be equivalent to 26 pounds
per square inch mean effeoctive presssure, leaving a net
brako mean effectivec pressure of 158 polflds pér squars
inch., Under the same conditions, but with 45 inches of

HEg boost, epproximately 43 pounds per square inch mean ef-
fective pressure would be required, leaving a net brake
mean effective pressure of 182 pounds per squire inch. In
both cases, the power required assumes the alr delivered
to the engine toc be cooled to the altitude temperature.
As has been previously pointed out, this condition is fIm~
possible and is only presented as rebresenting the maximum )
power conditions. -

Effect of Air Pressure on Engine Performance

In order to determine how engine performance is in-
fluenced by reduction in inlet—air pressure alone, varla~
ble fuel-quantity tests were made for several &egrees of
throttling of the inlet air to pressures, as noted in fig-
ure 10, The temperature of the inlet air and the exhaust
back pressure were kept constant at 66° F. and 30.5 inches
of Hg, respectively. Engine operation was hecoming rough
at an inlet pressure of 21 inches of Hg and a run at an =
inlet pressure of 17 inches of Hg could not be made because
the engine would not maintain the test speed of 2,000 r.p.m.
evon without load. For the conditions of these tests where
valve overlap was used and the exhaust pressure was greabter
then the inlet pressure, the scavengling and charging of the
engine were exceptionally poor. The variable fuel-guantity
curves have the same characteristics as those of the alti-
tude tests and show the same convergence at decreasing fuel
quentity and inlet—air pressure. Although the maximum cyl-
inder pressures are different for the different inlet pres—
sures, the mean effective pressures are optimum in all
cosese :

In order to determine the effect of air pressure on
inlet and exhsust, the intake zir pressure and exhoust
back pressure were varied together with constant intake
toemperature of 82° F., This condition can beé congidered as
an an altitude.test using an sir hesdter to maintain the in-
let air at a constant temperature, a common practlce in -’
the operation of carburetor engines.

The test results are shown plotted on figure 1l. The
shapes of the power curves are similar and, except for the
values represented, are identical with those of the true— -
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altitude tests. In this case, tvo, the maximum cylinder

pressure decreasded with decreasge in air pressure even -
though the. injection advance angle was al all times main-

tained at an optimum value. The maximum cylinder pressurs

could have been kept nearly constant during the variation

in air pressure but there would have been no increase in -

power and the rates of pressure rise would have been ex~

cessive. At each air pressure the minimum advance angle .
was used that would give maximum power, ' -

The operation of the engine became rdugh with decreas-
ing air pressure until, at the lowest pressure for which a
variable load run was made, there was considerable combus— .
tion knock. This knock occurréd at a pressure altitude of
19,200 feet; on o density basis the equivalent altitude
would have been 24,700 feet. At o pressure altitude of
25,000 feet the engins would no longer run at 2,000 r.p.m.; o
however, operation could be. obtained at —lower speeds and .
at 1,500 repem, the brake load was appreciadble. Operation
was obtained at a pressure altitude of 30,000 feet but—the
maximum load was very light and the speed was only. 850
repems The compression pressure under these conditions ;-
was 120 pounds peér square inch. The exact point at which
firing stopped cquld not be obtained with the equipment
assembled for these tests dbut it was only slightitly in ex— .
cess of a presgsure altitude of 30,000 feet. '

.

A summary of the effects of inlet—air pregsure on on-
gine power and maximum c¢ylinder préssure ls shown in fig-
ure 12, The mean effective pressures plotted in figure
12 are the maximum obtainable and the points at pressures
less than sea level were taken from figure 10 and figurse
11l a2t the lowest fuel quantity giving the maxi mum powers.
It so hoppened that the air-fuel ratis was nearly constant
for these maximum points. The boosted section of the
curves of figure 12 is for optimum power regardless of max-
imum cylinder pressure and also for power when limitea DYy
maximum cylinder pressure.

The slopec of the boosted curvés can be influenced by
maximum cylinder pressura but the slope of the throttled .
pressure curves ig influenced only by inlet-alr pressure.
Although only three points were taken for the test in which
inlet vressure only was varied, additionsl results also in-
dicete that the trend with inlet-air pressure is practic-—
ally o straight line of-7.4 pounds per square inch increase
in both breke and indicated mean effective pressure for 1
inch of Hg increase in inlet-air pressure, Thig rate of ,
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increase holds only for throttled inlet air as shown by =
comparison with the unlimited cylinder pressure boosted
tests. The high rate of increase in the throttled fests,
where the exhaust pressure is greater than the inlet pres-
sure, ls due %o the change in scavenging as well as charg-
ing with increase in inlet pressure. Wheon the inlet-air
pressure becomes equal to or greater than the exhaus® pres-
sure, the combustion chambor is well scavenged and the in-
crease in mean effective pressure is due only to increased
weight of air charge. T a
When Inlet and exhaust pressures were varied, the
slope of the line for maximum indicated mean effective
pressure shown on figure 12 is 6.0 pounds per square inch
per inch of Hg absolute, which is also ot a constant air-
fuel ratio. The effect of pressure at different alr-fuel
ratlos was investigated by picking the corréspouding in-
dicated mean effective pressures off the curves shown in
figure 1l; %the results are plotted in figure 13. A family
of curves of this type could be used for correcting the
power of this compression-ignition engine over a wide
range of loads for changes in baromebtric pressure.

- wa

Effect of Inlet-Air Temperature on Engine Performance

The effect of inlet-air temperature on engine perform-
.ance under sea—level conditions of inlet and exhaust pres-
sure was determined for various fuel quantities and the
results are plotted in figure 1l4. During these tests the
barometric prossure variation was *#0.4 percent and the ex-~
perimontal error was approximately %1 percent. The test
results show the effect of inlet—air temperature for a
practically constant air pressure., The curves of mean ef-
Tective pressure and fuel consumption have the same con-
vergonce as the curve of altitude and air-pressure varia-
tion previously discussed.,. Maximum power for each temper="
ature run of figure 14 occurs at an air—fucl ratio that is
nearly constant at 1l2-1/2.

When replotted against temperature in figure 15, the
indicated mean effective pressures at a series of air-
fuel ratios from 12-1/2 to 25 are seen %o vary nearly as
straight lines. From air-fuel ratios 12—1/2 to 20 the
slope of the lines is practically constant. For purposes
of correcting indicated mean effective pressure for dif-
ferences in inlet-air temperature, the slope of the curves
shown in figure 15 may be used. TFor the engine tested,
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the slopo of the cuxrves for air-fuel ratios from 12-1/2 to
20, inclusive, was 0.22 pound per square inch increase in
mean effective presgure for each degree Fahrenhelt docrease
in temperature of the inlet air.

A summary of subordinate test results similar to fig-
ure 7 ig shown in figure 16 for beth pressure and tem-
perature variationsg. In the analysgis of these curves it
should be remembered that increasing air temperature and
alr pressure have opposite effects on air density and
welght of air charge. This fact explains why the curves
of figure 16 are of opposite slopes and in most: cases
crogs each other. Although the injection advance angle
was increased with increasing inlet~air temperature tv -
maintaln a constant maximum cylinder pressure, the engine
operation did not become rough. In fact, engine opera~
tion was smooth throughout the range of temperatures in-
vestigated.

A section of the curve of alr welght against pressure
is shown as a broken line because, at inlet pressures
greater than standard sea level, the overlap of the en-
gine valves permitted some air to pass through the engine
so that the actual air-charge welght was less than the
measured welght., A volumetric efficiency of 100 percent
was assumed for such inlet conditions and weights of boost—
ed air charge were calculated on fthig bagis. It is recog-
nized that, because of the valve overlap of 68° used, all
alr weights presented are subject to question; however,
for unboosted conditions the error should be small, Vari-
ation of ‘compression pressure, friction mean effective
pressure, and mechHanical efficiency follow in most -cases
from the variation of weight of air.charge. When the in-
let pressure alons was varied, there was a large change in
volumetric efficiency, But for the other two conditions
the change was not very great. A small but definite in-
croase in volumetric efficiency can be noted with increase
in inlet—air temperature., Volumetric efficlency, as used
in this report, is defined as the ratio of the actual vol-~
ume of ‘air inducied by the engine on each cycle at the
temperature and pressure conditions of the air in the in-
let manifold to the displacement volume of the engine.
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Effect of Air-Charge Density and Weight on

Engine Performance

In most engine~performance corrections, air-fuel ra-
tio and inlet-air density are considered fundamental foc-
tors. Ian this report o range of air-fuel ratios imecluding
the one giving maximum engine performance has been cohsid-
ered and comparisons have becnhn made on the basils of maxi-
mum engine performance. Figure 17 is a plot of maximum
ongine performance for inlet~ailr densities obbtained by in-
dopondently varying the temperature and presstre to de=
termine the existence of a direect variation of engine per-
formance with inlet—-air density. For the.same air densi-~
ties the curves of mean effective pressure are displaced
one from another and are of different slopes depending
upon how the inlet-air density was obtained. Evidently
density of inlet air cannot be used as a basis for cor-
recting engine power because power does not vary directly
as the inlet-air density. Tt =

From a further continuation of the analysis, it was
thought that the air-~charge weight differed when the tem-
perature and pressure were independently varied. TFigure
18 was prepared on the basis of weight of air charge, and
bottor agreement is shown over a longer sectlon of the 7
curves. At low weights of air chargo, as given by heat-
ing the inlot air, thore still is incroeasing divergence -
of the curvos. Apparently weight of air charge is a bettor
method of correction than density of inlet air, dbut ovon™~
thon there is not complete agreement for corrections at
high inict-air tomperatures. The varietions of power for
the boosted section of the curves are straight lines bo-
causc in these tests a maximum cylinder pressuroc of 1,100
pouads per square inch was selected for the pressure at 20
inches of Hg boost and, for each incFfease in boost above
5 inches of Hg, the mazimum cylinder pressuré was allowed
to increase in equal incrementas. T

In this report, maximum engine performance has been
stressed regardless of air-fuel ratioc. The air=fuel raztio
for the altitude test for maximum performance was 12-1/2;
for the inlet~pressure variation, 11—1/2; for the inlet and
exhaust-pressure variation, 13; and for the inlet—-air-
tempersture variation, 12-1/2. If a constant air-fuel ra=-
tio had been chosen, the performances obtained would not
have been maximums in all cases. Neither would perform-
ances at the same air-fusl rabtbio have been equal on the



14 N.A.C.A. Technical Note No. 619

curves of air deneity or of weight of air charge. For
example, if a constant air-~fuel ratio had been taken in
figure 18, the curves would have becn separated rather
than being in partial agreement. Although maximum per-
formanco was.used for tho purposes of comparison, the
curves at other air-fuel ratios, presented in figures 13
and 15, are necessary for the complete calibration of tho
cngine.,.

Veriation in humidity 1s not heliceved to have influ-
cnced the tost results inasmuch ag the maximum variation
in weight of water vapor was only £0.6 vercent. Carbdu-
retor-engine tests (reference 9) have indicated that hu-
midity affects engine power only to the extont of dis-
plecing 2ir with water vapor, thus reducing the welght of
alr available for combustion; the variation caused by hu-
midity changes was less than the oxperimental error.

In the foregoing analysis, mothods have been kept in
mind of corrocting compression~ignition engine porformance
to standard conditions. The most commonly acceopted meth-
0d 1s vased on density of the inlet—air. Results in fig-
urc 17 show thig method to be incorrect. The commonly ac—
cepted method for spark-ignition ongines, il.0., dircctly
as tho inlet-air pressures and invereely as the square
root of the absolutec temperatures, was tried and it was
found that it did not apply to compression-ignition en-
glnes. Bofore the correction factors presented in this
report can bo generally applicd, calibrations similar to
those of this investigation are ncoded on many types and
designs of conmprossion-ignition engines.

Effect of Exhaust Back Pressure on Engine Performance

The. effect of exhaust back pressure on the perform-—
ance of a dompression-ignition engine ig important because,
first, back npressure decreases with agltitude and, second,
back pressure increases wilith the application of an exhaust-
driven turbocentrifugal superchargor. Figure 19 shows the
effect on the medn effective préssures of varying the ex~
haust back pressure as a single variable., Inlet air was
maintained at sea-~level pressure and 85Y F. The curves
are discontinuous at sea-lével back pressure because the
curves are from two series of tests made at different max-
imum cylinder pregsures, as noted on the figure. With de~
croaging back prossuroc the stoady reduction in friction
mean effective prossure causes most of the improvement in
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brake moan effective pressure. The trend of the indicated-
power curve does not show the exvected steady incroase

with decrease in back pressure. A possible explanation

for 1%ts variabdlo trend is that the decreasing back pressure
first hoelps to improve clearance-volume scavenging and bo
inerease the weight of air charge and then, finally, tho
large nressure difference during the valvoe-overlap period
upsets the censuing air charging. For prossures greabter
than those provailing at sea level, the engine performonce
is advorsoly affected nand at an increasing Fate.

These curves showing the effect of back pressure on
the exhaust indicate that a turbosupercharger would be de-
sirable for use with this type of engine, inasmuch as the
part of the curve at reduced exhaust pressure showsg that
relatively little gain in power is obtained from the reduc-
tion in back pressure, Therefore, i1f the pressure on the
exhaust is maintained constant arnd the increased pressure
drop through the turbine with increase in altitude is used
to hold the inlet pressure constant, the net loss of power
to the supercharger is relatively small., The curves of
positive pressure show that care must be exercised in the
design to insure that the exhaust pressurc does not become
greater than the inlet pressure because the power drops
off rapidly with incroease in back pressure.

Indicator Cards

Figure 20 shows five indicator cards obtained while
the cngine was operating at the several conditions of this
series of tests. When studying these indicator cards, it
must be remembered that widely different inlet-air tempera-—
tures and pressures were used. Both weight of air charge
and weight of fuel charge were varied with each condition
so that an indicated mean effective pressure comparison is
usually not possible. Card (¢) was taken while the engine
was operating at normal unboosted sea—~ievel conditions and
1s presented for purposes of comparison, For card (c) en-
gine operation was smooth and regular. GComnaring card (=)
with card (c) shows the effect of altitude on the indicator
card. The compression pressure is lowecred, although i% is
about 50 pounds per square inch higher than for the motor-
ing compression data of figure 7 owing to heat absorption
from the cylinder walls. This lowered compression pres-~
sure with the resultant decrocase in air density and temper-
ature caused the ignition lag to increase, as can be ssen
from the cards, and permitted o greater mccumulation of
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fuel prior to ignition. Then, upon ignition the rate of
pressure rige is higher and is nedarly a straight line as
the rough operation previously noted had indicpted., The
high maximum cylinder pressureg are of litflc use because
they do not apprecicbly increase the area of the indicator
card.

Card (b) was taken while the engine was oporating _
with sea~level inlet air and exhaugt back pressure dut
with an inlet-air temperature of lo_F. Ignitlion lag is
affected little, if any, by the low inlct-alr temperature -
while smoothness: of operation was furtheor improvoed, as
the lowerocd reote of-pregsure rise would indicate. Compar-
ing cards (a) and (b) shows the effect of alr pregsurc ¢r
density on ignition lag. Although the inlet-alr tempera~
tures were slightly diffeorent, 8° F, dompared with 1° F.,
the large decrease in ignition lag ig cavsed by the 1in- -
crease in inlet-air pressure or dengity.

Effects of high inlet-air temperature are shown by
cards (d) and (e), the difffercnce between the two cards
being moximum cylinder presgsure and rate of pressure rise s
os coantrolled by injection advance angle. Card (d) is for
the same injection advance angle ot card (c) and shows the
effect of inlot-air temperatures of 258° ¥, and 71° F. A% -
the higher temperaturo the ignition lag was decreased,
which in turn decreased the fuel accumiulated at lgnition
and decreased the ensuing rate of pressure rise. Even the
23-1/2° injection sdvance angle of card (e) did not give
rough operation even with the early prossurec rise that the
card shows. The high inlet~air temperature and corregpond-
ingly short ignition lag prevented excessive fuel-accumula-
tion so that the rate of pressure rise is relatively low.

CONCLUSIONS

1. The altitude performance of an unsupercharged
compression~ignition engine compared favorably with a car~
buretor engine; the low temperatures of .altitude were es-
pecially important in maintaining the power at—altitude
of the, compression~ignition engine. '

2. The sea-level performance of this unsupercharged
comprossion-~lgnition engine cannot be accurately corrected
on the basig of =ir deiisity or weight of ailr charge for
differences of alr temporature and pressure. Maximum ner- .
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formance varied differently from part-load performance
with air pressure and temperature changes.

3« Maximum sea-level unsupercharged performance of
this compression-ignition engine can be corrected, when
maxinun cyllnder pressure does not limit output, as fol-
lows:

For each inch of Hg increase in inlet-air pres-—
sure with constant sea-level exhaust pressure, add
7¢4 pounds per square inch indicated or oraxe mean
effective pressure. R —

For each inch of Hg increase in inlet and ex—
haust pressure, add 6.0 pounds per square inch indi-
cated or brake mean effective pressureé, ' == e

For each ©OF. increase in inlet~air temperaturse,
subtract 0.22 pound per square inch indicated or brake
nean effective pressure. o 3

4, Maximum sea~level boosited nerformance can be cor-
rected as follows: s

For each inch of Hg increase in inlgt~air pres-
sure with conservative maximum cylinder pressures,
add 4,0 pounds per square inch indicated ar brake
mean effective pressure.

For each inch of Hg increase in inlet-alr pres-
sure with unlimited maximunm cylinder pressurs, add
5«0 pounds per square inch indicated or brake mean
effective pressure.

e HReduced exhaust back pressure increased engine
power slightly and increased exhaust back pressure de-
creased engine power at an increasing rate.’

Lengley Momorial Aeronautical Laboratory, o
National Advisory Committee for Aeronautics,
Langley Field, Ve., September 14, 1937,
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Figure 3.~ Diagrammatic sketch of engine and test equipment.

619 °"OH #30F T®OTUQOS] "V D°'V°N .

2311
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Figure 4.~ Disgrammatic sketch of alr-cooling eguipment.
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Pigure 18.- Effect of weight of eir charge on meximum mean effective pressure at sea level.
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528538883868

Simlated altitude 24,000 ft.

Figure 30.- Indicator oerds
Zfor varieus conditions.
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